A microscope for imaging of chlorophyll fluorescence kinetics was equipped with a chamber that allows the growth of an immobilised population of algae and their study under well-defined conditions. Single cells of the chlorococcal alga Scenedesmus quadricauda were grown and recorded for periods of whole cell cycles (up to 48 h) displaying a normal course of cell development. Heterogeneity in fluorescence yield among individual coenobia in the population and among different cells in one coenobium were analysed. Differences were observed both in the shape of Kautsky transients and in the modulation of fluorescence parameter values during the progress of the cell cycle. The extent of heterogeneity in fluorescence parameters was cell cycle dependent -in some phases of the cycle, the population was almost homogeneous, while distinct heterogeneity was observed, in particular between the protoplast division and the release of the daughter coenobia. The heterogeneity was not random but reflected developmental processes.
Introduction
Synchronously growing populations of unicellular algae are excellent tools for investigations of structural and functional changes of the photosynthetic apparatus in the course of the cell cycle Sˇetlı´k et al. 1981; Kaftan et al. 1999; Strasser et al. 1999 ) . However, even the best-synchronised population, maintains a certain statistical distribution of cell-specific parameters. We have recently developed a method for recording two-dimensional (imaging) chlorophyll fluorescence kinetics in single cells (Ku¨pper et al. 2000 ) that challenged us to make an attempt to assess the width of this distribution.
The cell cycles of several algal taxa are characterised by multiple fissions (Sˇetlı´k and Zachleder 1984) where several replications of DNA and several nuclear divisions are followed by the corresponding number of cellular divisions. Scenedesmus quadricauda is a classical example of this type of cell cycle and serves as a model organism for its analysis (Zachleder et al. 2002) . In Scenedesmus, the daughter cells resulting from the multiple fission remain joined to the so-called coenobium. For example, the eightcell coenobia result from a multiple fission following three nuclear divisions. Pronounced changes in photosynthetic activity of Scenedesmus quadricauda in the course of the cell cycle can be correlated with distinct developmental stages that have been defined mainly by the consecutive commitments to DNA replications and nuclear divisions (Berkova´et al. 1971 , Sˇetlı´k et al. 1972 .
Fluorescence kinetics imaging is an important tool for determination of heterogeneity of photosynthetic processes at levels ranging from whole canopies to single cells. So far, only one report dealt with photosynthetic microorganisms (Oxborough et al. 2000) , but it was focused solely on differences between species and not on modulation of photosynthesis during the development of their photosynthetic apparatus.
To our knowledge, we present here the first results of an observation in which the photosynthetic behaviour of selected individuals in a population of algal cells has been followed in the course of the whole cell cycle. We have used fluorescence transients to calculate several photosynthetic parameters. We estimated changes in these parameters during development of individual cells and extent of their heterogeneity in the population. In addition, we present the first systematic study of fluorescence transients in an algal cell cycle.
Materials and methods
The chlorococcal alga Scenedesmus quadricauda (TURP.) BRE´B (strain Greifswald 15, CCALA #463) was obtained from the CCALA algal collection maintained in Trˇebonˇ, Czech Republic (http:// www.butbn.cas.cz/ccala/ccala.htm). The cells were pre-grown at 28°C in suspension cultures synchronised by irradiance cycles of 14 h light, 10 h darkness in the mineral medium (detailed composition in Sˇetlı´k et al. 1981) . The irradiance regime was computer-controlled and simulated the daily course of solar radiation with maximum irradiance at noon 1000 lmol m )2 s )1 supplied by Osram (Munich, Germany) Dulux EL fluorescent tubes (Havelkova´-Dousˇova´et al. 2004 ). For the microscopic recordings shown in this paper, several daughter coenobia were taken from such synchronous populations. A drop of concentrated cell suspension was placed on the inner surface of the microscope growth chamber (described in Ku¨pper et al. 2000) , that allows to grow, for periods of days, a monocellular layer of microscopic algae under controlled conditions. The light for growth of algae in the microscope growth chamber was provided by a custom-designed white LED irradiation source. For the current experiments, the microscope growth chamber has been modified by a new temperature stabilisation. A thermoelectric couple was connected to the Teflon-covered metal body of the growth chamber to equilibrate the temperature of the incoming medium that flushes the membrane protecting the layer of algae. Cells in the growth chamber were fixed by a stretched cellophane foil that allowed exchange of ions and gases with the medium flowing through the chamber.
The fluorescence kinetic microscope (FKM) has been constructed in collaboration with the company Photon Systems Instruments (Brno, Czech Republic, www.psi.cz), on the basis of a Fluoval microscope (Carl Zeiss, Jena, Germany) as described by Ku¨pper et al. (2000) and Ferimazova et al. (2002) . Fluorescence yield (FY) was recorded by a PC computer using the software FluorCam (Photon Systems Instruments) and user-defined protocols. For all measurements reported here, we designed a protocol that reveals the main dark-light transients in the initial phase of relaxation of non-photochemical quenching (NPQ) in the dark. The FY transients obtained with this protocol are illustrated in Figure 1 . The measurement started with one multiple-turnover saturating irradiation pulse that excited maximal FY of the dark-adapted state (F m ). After 90 s of darkness, the minimum FY (F 0 ) was recorded for 10 s and the actinic irradiation started at 106 s of the record. Four saturating irradiation pulses were then applied during actinic irradiation at 125, 150, 170 and 199 s (in the text referred as the first, second, etc. pulse) to measure the maximal FYs in the light adapted state (F 0 m ). AI was switched-off at 205 s and three saturating irradiation pulses were then applied in the dark at 220, 270 and 295 s. The duration of the record was limited mainly by two factors: the size of the primary data file and the time required for the measurement. Since during all phases of measurements the growth irradiance was switched-off, we tried to minimise the disturbance of the progress in the cell cycle by intermissions caused by measurements. Fluorescence parameters were calculated from measured values as in Oxborough and Baker (1997) including their formula for calculation of F Results and discussion Figure 1 shows records of Kautsky fluorescence transients throughout one cell cycle (CC). They show the variation in averaged FY of two Scenedesmus coenobia. The displayed records were taken at an actinic irradiance of 40 lmol photons m )2 s )1 (graphs labelled a) and 120 lmol photons m )2 s )1 (graphs labelled b). These actinic irradiances are approximately 1/3 and 2/3 of the irradiance saturating the overall photosynthesis, respectively. The timing of the representative cell cycle stages 1-8 was selected so as to represent distinct phases in coupling of photosynthetic processes with developmental and reproductive events of Scenedesmus cells . In this paper they are defined as follows: (1) daughter coenobia just after division of the mother cells; (2) cells at the maximum rate of development of the photosynthetic apparatus; (3) cells after passing the first commitment point and displaying the maximum activity of photosynthesis; (4) start of the decline of Photosystem II activity and preparation for the second commitment; (5) cells after passing second commitment point, strong decline of photosynthetic activity; (6) start of protoplast division, minimum of photosynthetic activity; (7) protoplast division nearly completed, starting recovery of photosynthetic activity; (8) liberation of daughter coenobia from mother cells, photosynthetic activity returning to stage 1. The growth irradiance was switched-off between the CC stages 5 and 6, i.e., in about 3/5 of the total duration of CC. The image No. 6 of Figure 1 shows that cells have already divided their protoplasts and that the daughter coenobia need only to terminate their formation and to be released from the cell wall of the mother cell.
The shapes of Kautsky fluorescence transients vary considerably at various CC stages and at different levels of actinic irradiance. Figure 1 illustrates several features. The initial rise of FY upon the onset of actinic irradiation forms, even at low irradiance, a sharp peak from which FY abruptly drops to F t . F t then often falls below the F 0 level (Figure 1 , panels 1-5a, b to 8a, b). Even at low actinic irradiance, this state has a character of strong non-photochemical quenching with no response to saturating irradiation pulses. Cells in this state display also other characteristic features:
(1) The FY immediately after the first saturating irradiation pulse in the record (1-6 s) is well below F 0 . (2) When the actinic irradiation is switched-off, F t rises back to F 0 usually quite rapidly (in about 30 s), often with a temporary overshoot to higher values (cf. Figure 1, panel 6b) .
If present, the just described shape of Kautsky fluorescence transients can be observed through several CC stages and becomes most conspicuous in the period of protoplast division and daughter cell formation (CC stages no. 5 and 6 in Figure 1 ). In CC stages between protoplast division and the J liberation of autospores (stages no. 7 and 8) the drop of F t below F 0 is transient and, following an interval of variable duration, it rises above the F 0 level still during actinic irradiation. In the same period of the CC, the saturating irradiation pulses are followed by dramatic transient drops of FY below F t , both in actinic irradiation period and in subsequent darkness. In fact, less pronounced negative overshoots of fluorescence signal following saturating irradiation pulses are a common feature of the Scenedesmus fluorescence transients under low actinic irradiance. They are particularly distinct in the final CC stages and sometimes the downward overshoot is followed by another upward peak or even a strongly damped oscillation.
The decrease of F t below F 0 during actinic irradiation can reflect presence of very strong NPQ that reduces F 0 sometimes as much as to half of its non-quenched value and may totally suppress the response to saturating irradiation pulses (Figure 1 , panels 6a, b). This explanation is, however, at variance with the fast rise of F t and an early recovery of F m upon darkening, and it can hardly explain the repeatedly occurring overshoots of F t . A more likely explanation involves interactions of the photosynthetic electron transport with different respiratory processes (chlororespiration or mitorespiration). The latter, as well as the cyclic electron flow around PS I, are known to energise the thylakoid membrane and to reduce the plastoquinone pool (Cournac et al. 2002; Peltier and Cournac 2002) . The overshoots of FY to levels below F 0 , followed sometimes by rudiments of oscillations in FY, remind the interference of light pulses with respiration (cf. also Ried et al. 1973) . Finally, thylakoid energisation might also result from the Mehler reaction that operates to provide enough ATP for HCO À 3 accumulation in the cells. Taking all this into account, we may speculate that the FY value attained after 90 s of dark adaptation is not the true F 0 value, but reflects instead an increased FY resulting from a partial backreduction of Q A by the PQ pool that is reduced in the dark by respiratory processes. The low F t then would not reflect the non-photochemical quenching, but the reoxidation of reduced Q A by linear electron flow.
In Figure 2 we present the cell cycle-dependent changes of several fluorescence parameters that were calculated either from the fluorescence kinetic records illustrated in Figure 1 (cell cycle B, Figure 2 , panels e-h) or from another cycle (cell cycle A, Figure 2 , panels a-d). The two cycles differed in their growth conditions (as specified in the legend to Figure 2 ) and consequently also in the rates of growth and development of the cells. As a consequence, pronounced differences exist between the two CCs, both in the time-course of variations in fluorescence parameters and in the extent of heterogeneity between individual coenobia. The averaged course of the fluorescence parameter values is, however, in general agreement with previous reports about changes of photosynthetic activity in synchronous S. quadricauda populations (cf. e.g., Sˇetlı´k et al. 1981) . The values of F PS II are maximal in the first hours of the light period (CC stages 2 and 3) after which they decline to reach a minimum during protoplast division (CC stages 6 and 7). Thereafter, the activity of the photosynthetic apparatus again rises in parallel with the formation of daughter coenobia. The course of various fluorescence parameters documents the homeostasis of photosynthesis during the CC: changes in q P run approximately antiparallel to changes in F p so that the relative variation of F PS II during the course of CC is small.
The degree of heterogeneity in FY among individual coenobia depends on the previous history of the algal population and on growth conditions during the experiment. It is much more pronounced in the cell cycle B than in cell cycle A of Figure 2 . For cell cycle A, changes in fluorescence parameters are shown for the group of coenobia in the whole field of view or for four selected coenobia (coenobium 1 to 4) that have been analysed individually. In cell cycle B, only three individually analysed cells from one field of view are documented. Results from both cycles show that the degree of divergence in the values of the parameters is cell cycle-dependent. It is low in some CC stages but increases in others. It is particularly high towards the end of cell cycle. Not only the divergence of values in fluorescence parameters among individual coenobia, but also their rank change during the cell cycle.
The time course of fluorescence parameters of individual cells in one coenobium (Figure 3e-h) shows the same principal features like whole coenobia. The most pronounced heterogeneity is observed during stages of protoplast and cell division and when liberation of daughter cells occurs. Figures 3a-c show examples of how differences in the shape of Kautsky fluorescence transient for four cells in the coenobium (Figure 3d) gradually develop in the later stages of the cell cycle. These differences in kinetics are then reflected in differences in fluorescence parameter values. Figure 3 also shows that changes in fluorescence parameters are mostly similar for the outer cells in a coenobium (cells 1 and 8) on one hand and for the inner cells (4 and 6) on the other, while distinct differences can be seen between the two groups of cells. This heterogeneity is in line with the known fact that in the coenobium the outer cells develop at a noticeably different rate than the inner ones. All facts described in this paper and questions that emerge from them call for more detailed investigations and analyses designed to approach their interpretation. We hope to have demonstrated convincingly that for this purpose the microscopic imaging of chlorophyll fluorescence is a promising method of choice. 
